Insulin resistance (IR) is a key determinant of type 2 diabetes (T2D) and other metabolic disorders. This genome-wide association study (GWAS) was designed to shed light on the genetic basis of fasting insulin (FI) and IR in 927 non-diabetic African Americans. 5 396 838 single-nucleotide polymorphisms (SNPs) were tested for associations with FI or IR with adjustments for age, sex, body mass index, hypertension status and first two principal components. Genotyped SNPs (n 5 12) with P < 5 3 10 26 in African Americans were carried forward for de novo genotyping in 570 non-diabetic West Africans. We replicated SNPs in or near SC4MOL and TCERG1L in West Africans. The meta-analysis of 1497 African Americans and West Africans yielded genome-wide significant associations for SNPs in the SC4MOL gene: rs17046216 (P 5 1.7 3 10 28 and 2.9 3 10 28 for FI and IR, respectively); and near the TCERG1L gene with rs7077836 as the top scoring (P 5 7.5 3 10 29 and 4.9 3 10 210 for FI and IR, respectively). In silico replication in the MAGIC study (n 5 37 037) showed weak but significant association (adjusted P-value of 0.0097) for rs34602777 in the MYO5A gene. In addition, we replicated previous GWAS findings for IR and FI in Europeans for GCKR, and for variants in four T2D loci (FTO, IRS1, KLF14 and PPARG) which exert their action via IR. In summary, variants in/near SC4MOL, and TCERG1L were associated with FI and IR in this cohort of African Americans and were replicated in West Africans. SC4MOL is under-expressed in an animal model of T2D and plays a key role in lipid biosynthesis, with implications for the regulation of energy metabolism, obesity and dyslipidemia. TCERG1L is associated with plasma adiponectin, a key modulator of obesity, inflammation, IR and diabetes.
INTRODUCTION
Elevated fasting insulin (FI) and insulin resistance (IR) are hallmarks of type 2 diabetes (T2D) (1, 2) . Both lifestyle characteristics (e.g. diet and physical inactivity) and genetic susceptibility are important etiologic risk factors for elevated FI, IR and T2D (3) . Findings from single-gene defects in twin and family studies provided initial evidence supporting the role of genes in the etiology of both IR and T2D (4) . The recent success of genome-wide association study (GWAS) has significantly changed our understanding of the genetic basis of FI and IR with the identification of several well-replicated loci (5) .
Relative to European Americans, African Americans have been reported to have a higher degree of IR (6) and display lower insulin sensitivity and C-peptide response to glucose * To whom correspondence should be addressed at: 12 South Drive, Building 12A, Room 4047, Bethesda, MD 20878, USA. Tel: +1 3015945065; Fax: +1 3014515426; Email: chengu@mail.nih.gov challenge (7) . Understanding the mechanisms behind these differences in IR will be important in the effort to reduce the well-documented ethnic disparities in morbidity and mortality associated with IR and T2D (7) . Thus, this GWAS was designed to contribute to our understanding of the genetic basis of two important components (FI and IR) of the pathophysiology of T2D in African Americans and other African ancestry populations.
RESULTS
Clinical characteristics of the 927 African-American participants included in this study and of the West Africans included in the replication sample are presented in Table 1 . As expected, African Americans were heavier, had higher fasting glucose and FI concentrations and displayed a higher level of IR. Overall, the correlation between IR and FI is 0.89. Estimated heritability from pedigree data was 0.50 (SE ¼ 0.007 and P-value ¼ 2.5 × 10 215 ) and 0.46 (SE ¼ 0.007 and P-value ¼ 1.4 × 10 213 ) for log FI and log IR, respectively. We tested 5 396 838 autosomal single-nucleotide polymorphisms (SNPs) for association with the log of FI and IR. The distributions of association P-values for FI and IR are displayed in Figure 1 (quantile -quantile plots are shown in Supplementary Material, Fig. S1 ). The values of the genomic control (l GC ) inflation factor were 1 for both outcomes, indicating negligible inflation of association test statistics due to population stratification. We used a P-value of 2.5 × 10 28 as the pre-determined genome-wide significance threshold (8) .
Loci showing association with P-values of ,5.0 × 10 26 for FI and IR are displayed in Supplementary Material, Tables S1 and S2 (n ¼ 87 FI only) and S3 (n ¼ 91 IR only). Forty-one SNPs within an 76 kb ( 100 to 170 kb) region near neurotrophic tyrosine kinase, receptor, type 2 (NTRK2) reached P , 5.0 × 10
26
. The lowest P-value in this region was for the association of rs1077625 with IR (2. Table S1 ). SNP rs17046216 in sterol-C4-methyl oxidase-like (SC4MOL) was associated with FI and IR (P ¼ 4.6 × 10 27 and 9.9 × 10
27
, respectively; Supplementary Material, Fig. S3 ). Also, rs7077836, located 139 kb upstream of the transcription elongation regulator 1-like (TCERG1L) gene was associated with FI and IR (P ¼ 3.3 × 10 27 and 1.0 × 10
, respectively; Supplementary Material, Fig. S4 ). rs9524798, located in glypican 6 (GPC6), was also associated with both traits (P ¼ 7.9 × 10 27 and 8.3 × 10 27 for FI and IR, respectively; Supplementary Material, Fig. S5 ).
We attempted to replicate the top-scoring associations observed in this study of African Americans in independent samples of West Africans and Europeans. The clinical and epidemiologic characteristics of the 570 non-diabetic unrelated West Africans are displayed in Table 1 . We replicated the associations we observed in the primary analysis for SNPs in or near SC4MOL and TCERG1L genes in West Africans ( Table 2) . Evidence of association for SNPs in SC4MOL and TCERG1L reached genome-wide significance in meta-analysis of the combined HUFS (The Howard University Family Study) and West African samples. Using a local replication approach, we observed significant, but weak, replication for rs34602777 (after adjustment for multiple tests, P ¼ 0.0097 for IR) in the MYO5A gene in the MAGIC study (Supplementary Material, Table S4 ) (5) . Interestingly, the frequency of the risk allele is 0.289 in African Americans and 0.275 in HapMap CEU, but is absent in YRI. None of the other leading HUFS hits showed significant association in MAGIC (Supplementary Material, Table S4 ).
We also attempted to replicate previously reported GWAS findings for FI and IR in Europeans (5), using the direct (i.e. querying the reported SNP) and the local approach [i.e. querying SNPs in LD (r 2 ≥ 0.3) with the reported SNPs within a defined window of 250 kb]. Variants in or near the GCKR and IGF1 genes were investigated, and we replicated the association for GCKR in this cohort of African Americans, using local replication approach (Supplementary Material, Table S5 ). Finally, we replicated (P , 0.05) variants in four T2D loci (FTO, IRS1, KLF14 and PPARG) (9) which exert their action via IR (Supplementary Material, Table S6 ).
DISCUSSION

Compared with individuals of European ancestry, African
Americans suffer disproportionately from the devastating health consequences of IR and related metabolic disorders including T2D (10) . In this study, we used the genome-wide association approach to search for genes that influence the distribution of FI and IR in unrelated non-diabetic African Americans. Variants in or near two genes (SC4MOL and TCERG1L) were associated with FI and IR and were replicated in an independent sample. Available functional data on these genes support their plausibility as candidate genes for the physiologic modulation of insulin level and insulinmediated metabolic processes.
First, the sterol-C4-Methyl oxidase-like (SC4MOL) gene has been shown to be under-expressed in an animal model of T2D and to play a key role in cholesterol biosynthesis with implications for the regulation of energy metabolism, obesity and dyslipidemia (11) (12) (13) (14) (15) . rs17585739 in SC4MOL has been associated with HDL cholesterol (14) . In Lu et al. (14) , HDL level increased with increasing copies of the 'A' allele of rs17585739 (AA ¼ 1.52 mmol/l, AG ¼ 1.32 mmol/l, GG ¼ 1.30 mmol/l). Notably, the association of SNPs within this locus is directionally consistent with what would be expected from a locus influencing IR (i.e. the alleles have inverse effects on IR and HDL levels, with alleles increasing FI and IR being negatively associated with HDL levels).
Second, a variant in the TCERG1L has been associated with plasma adiponectin (16), a key modulator of obesity, inflammation, IR and diabetes (17) . TCERG1L was reported to be positively associated with T2D and negatively associated with adiponectin in a recent GWAS conducted among individuals of Indian ancestry. As expected, the association with adiponectin was negative and was most pronounced among 18) . In our study, the risk allele ('T') of rs7077836 in the TCERG1L locus [minor allele frequency (MAF) ¼ 0.12] was also associated with increased risk of T2D (odds ratio ¼ 1.14, 95% CI: 1.00 -1.60) and was positively associated with FI and IR. The association with adiponectin was directionally consistent with what one might expect from a locus influencing risk of T2D and IR. We observed a significant, but weak, replication of the MYO5A locus in the MAGIC study. Inhibition of the MYO5A gene, present in the pancreatic islet cells, diminishes insulin-dependent GLUT4 translocation and glucose uptake in animal models (19, 20) . The lack of replication of our other top signals in the MAGIC study that included over 37 000 subjects suggests that these findings are still tentative and need to be confirmed in other studies. Although this observation may be due to true population differences (for example, in allele frequencies, LD patterns and effect sizes), the possibility exists that some may be false-positive findings.
Finally, although it was not replicated in the available West African and European samples, the observed genome-wide significant association for SNP rs1077625 near the NTRK2 gene for FI and IR (P-values of 5.2 × 10 28 and 2.7 × 10 28 , respectively) deserves further investigation. Mutation of NTRK2, which encodes TrkB, was reported to result in a unique human syndrome of hyperphagic obesity and this syndrome involves a signaling molecule that plays important roles in both energy balance and other aspects of central nervous system function (21) . Furthermore, we observed a significant association between rs715243 ( 65 kb from NTRK2) and body mass index (BMI) (P ¼ 0.0005) in this study.
In summary, variants in/near SC4MOL and TCERG1L are associated with FI and IR in African Americans. Despite the small size, this study was successful in identifying promising candidate loci for FI and IR. We postulate that this success in African ancestry population and the lack of replication of these loci in MAGIC are likely due to multiple factors, including the possibility that the genetic architecture of these traits may differ in European and African ancestry populations. Differences in allele frequency, as observed in this study, and currently uncharacterized evolutionary forces manifesting in ancestry-specific patterns in terms of the genetic and environmental determinants of metabolic disorders such as IR offer plausible explanations. For example, the key role of SC4MOL in lipid biosynthesis with implications for the regulation of energy metabolism, obesity and dyslipidemia may represent a significant insight into the higher degree of IR, lower insulin sensitivity and C-peptide responses to glucose challenge (6,7) and the well-documented differences in the distribution of lipid profiles (especially triglycerides and HDL) in African ancestry populations compared with populations of European ancestry. Generally, African Americans have a healthier lipid profile than other US ethnic groups, and similar healthier lipid distributions are observed among other African ancestry groups with distinct lifestyle characteristics, suggesting the importance of inherited factors. However, the observed healthier serum lipid profile does not seem to provide corresponding protection against several metabolic disorders including IR, T2D and cardiovascular disease in African Americans. Finally, we note that it is important to be careful in the choice of replication sample for admixed African Americans due to the possibility of observing different allele frequencies between the parental populations, as evident for the MYO5A loci (frequency of risk allele is 0.289 in African Americans, 0.275 in HapMap CEU and absent in HapMap YRI; Supplementary Material, Table S1 ). More studies are needed to confirm the validity of these associations as well as the potential role of these loci in multiple populations.
MATERIALS AND METHODS
Genome-wide scan study subjects and clinical characteristics
HUFS is a population-based genetic epidemiology study of African Americans from the Washington, DC, metropolitan area (22) . Ethical approval for the study was obtained from the Howard University Institutional Review Board. The major objective of the HUFS was to enroll and examine a randomly ascertained sample of African-American families, along with a set of unrelated individuals, from the Washington, DC, metropolitan area to study the genetic and environmental bases of common complex diseases, including hypertension, obesity, diabetes and associated phenotypes. In order to maximize the utility of this sample for the study of multiple common traits, families and unrelated individuals were not ascertained based on any phenotypes.
During a clinical examination, demographic information was collected by interview. Weight was measured in light clothes on an electronic scale to the nearest 0.1 kg, and height was measured with a stadiometer to the nearest 0.1 cm. BMI was computed as weight (kg) divided by the ). For this study, we first selected nondiabetic persons with fasting glucose, insulin measurements and genotype data. Second, we selected eligible unrelated individuals and randomly selected one unrelated person per pedigree for a total of 927 unrelated non-diabetic subjects. We studied 1314 individuals within 328 pedigrees in the larger data set (HUFS) to estimate heritability using SOLAR (23) .
Phenotype definitions
Fasting blood samples were obtained from all participants after an overnight fast. Individuals were classified as nondiabetic if they meet the following criteria: a fasting plasma glucose concentration of ,100 mg/dl and no history of diabetes and not on treatment for diabetes. Fasting plasma glucose was measured on integra 400 plus (Roche Diagnostics) using an enzymatic method with hexokinase, and the unit was mg/dl. FI was measured on an Eleceys1010 immunoassay analyzer (Rocke Diagnostics) using an electrochemiluminescence technique, and the unit of measurement was mU/ml. IR was calculated using the formula: IR ¼ FI (mU/ml) × fasting glucose (FG) (mmol/l)/ 22.5 (24) . For analysis of the continuous traits (FI and IR), phenotypic values were first natural log-transformed to reduce skew and then winsorized at +3 standard deviations to reduce kurtosis (25) . Hypertension was defined as systolic BP ≥ 140 mmHg or diastolic BP ≥ 90 mmHg or taking medications for high blood pressure.
DNA sample preparation, genotyping and quality control DNA was extracted from buffy coat samples following the manufacturer's instructions using a Gentra PUREGENE DNA Isolation Kit (QIAGEN, Valencia, CA, USA). After sample processing, genome-wide genotyping was performed using the Affymetrix Genome Wide Human SNP Array 6.0 (26) . Genotypes were called using birdseed, version 2. SNPs were excluded if they had a success rate of ,95% (41 885 SNPs excluded), an MAF of ≤0.01 (19 154 SNPs excluded) or had a P-value for the Hardy -Weinberg test of equilibrium (HWE) ≤10 23 (6317 SNPs excluded). The current analysis focuses on the 809 465 autosomal SNPs that passed these filters. The sample genotyping rate for this set of SNPs in these individuals was 99.5%. The concordance of blind duplicates was 99.74%. Lower throughput genotyping for replication was carried out using Sequenom Homogenous MassEXTEND or iPLEX Gold SBE assays at the National Human Genome Research Institute at NIH.
Evaluation of sample population stratification EIGENSTRAT (27) detects and corrects for population stratification in genome-wide association studies. The method is based on principal components analysis. The resulting correction is specific to a candidate marker's variation in frequency across ancestral populations, minimizing spurious associations while maximizing power to detect true associations. The significant principal components were included as covariates in the regression analysis. 
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Association testing
All association testing was performed using PLINK (30) . Association between an autosomal marker and a continuous trait was assessed using linear regression assuming an additive genetic effect model. The two traits were analyzed with adjustments for age, sex, BMI, hypertension status and the significant principal components (first two principal components) from EIGENSTRAT. We estimated the genomic inflation factor (l GC ) based on the median x 2 test of all study participants (31).
Follow-up study in West Africans
We carried forward genotyped SNPs (Table 2) with P-values , 5 × 10 26 for IR and/or FI and SNPs in LD (r 2 ≥ 0.8) with the genotype SNPs in African Americans for replication in a sample of 570 non-diabetic West Africans enrolled as part of the African America Diabetes Mellitus (AADM) study (32) . However, SNPs that had nominal association of P , 5 × 10 26 in African Americans and MAF ¼ 0 or were absent from HapMap YRI were not genotyped in our West African sample. After quality filter (HWE . 10 23 , MAF . 0.01 and SNP call rate .0.95), a total of 12 SNPs within 5 regions were analyzed. We also attempted in silico replication of our major findings (P-value , 5 × 10 26 for genotyped and imputed SNPs) in European participants in the MAGIC study (5) . All association analyses and trait transformation were the same as in the discovery samples of African Americans with adjustment for age, sex, BMI and hypertension status. P-values for the discovery (African Americans) samples and the replication (West Africans) samples were combined using METAL (http://www.sph.umich.edu/ csg/abecasis/Metal). All association results were expressed relative to the forward strand of the reference genome. The METAL calculates a z-statistic for each marker, summarizing the magnitude and direction of the effect relative to the reference allele in each sample and then calculates an overall z-statistic and P-value from the weighted average of the statistics. Weights are proportional to the square root of the sample size of each study. Cochran's Q was estimated to test for heterogeneity across the two samples.
Transferability of previous GWAS findings
We attempted to replicate published GWAs of FI and/or IR (5) in our African-American samples in two stages: direct replication (i.e. same SNPs as reported) and local replication (i.e. SNPs in reference ancestry LD with reported SNPs) as previously reported (33) . For the identification of SNPs in LD with published variants, we used the appropriate reference data set (e.g. HapMap CEU reference data for European ancestry population). To adequately account for multiple testing, we estimated the effective degrees of freedom (d.f.) for the spectrally decomposed covariance matrix for the block of SNPs, using the HUFS genotype data as previously described (34) . Power calculations were performed using QUANTO (http:// hydra.usc.edu/gxe). To estimate power for replication of an SNP in West Africans, we used effect size from the discovery sample (HUFS) and the allele frequency estimates in our West African sample (or HpaMap YRI), assuming an additive genetic model with a ¼ 2.5 × 10
28
. For power estimation of a variant discovered in HUFS to be replicated in MAGIC (i.e. transferability), we used the effect size from the discovery sample (HUFS) and the allele frequency from MAGIC (or HapMap CEU). For variants discovered in MAGIC, we did the reverse.
was performed in the MAGIC study (www.magicinvestiga tors.org).
